We report thermal expansion measurements on a single crystal of the superconducting ferromagnet UCoGe for magnetic fields applied along the main orthorhombic axes. The thermal expansion cell was mounted on a piezo-electric rotator in order to fine-tune the magnetic field angle. The superconducting and magnetic phase diagram has been determined. With our bulk technique we confirm the S-shape of the upper-critical field, Bc2, for B b and reinforcement of superconductivity above 6 T. At the same time the Curie point shifts towards lower temperatures on increasing the field along the b-axis. This lends further support to theoretical proposals of spin-fluctuation mediated reinforcement of superconductivity for B b.
I. INTRODUCTION
The quest for superconducting ferromagnets (SCFMs) goes back to the pioneering work of Ginzburg [1] . Later, in the 1970s, it was predicted, on theoretical grounds, that weak itinerant ferromagnets could exhibit p-wave equal-spin-pairing superconductivity [2] . Here, the superconducting state is mediated by the exchange of longitudinal spin fluctuations, rather than by phonons as in the standard Bardeen, Cooper, Schrieffer (BCS) scenario. The experimental discovery of superconductivity in the itinerant ferromagnets UGe 2 (under pressure) [3] , URhGe [4] and UCoGe [5] , opened up the opportunity to investigate the coexistence of superconductivity and ferromagnetism and their interplay meticulously. In SCFMs the superconducting transition temperature T sc is smaller than the Curie temperature T C . The uranium 5f -electrons are responsible for both ferromagnetic order and superconductivity. In the past decade ample evidence has been provided that spin-fluctuations in the proximity to a magnetic quantum critical point provide the attractive pairing interaction for odd-parity superconductivity (for recent reviews see Refs. [6, 7] ). Although these SCFMs share common features, they are also quite distinct, notably as regards the phase diagrams in the magnetic-field − temperature and the pressure − temperature plane.
UCoGe crystallizes in the orthorhombic TiNiSi structure with space group P nma [8] . Superconductivity at T sc = 0.6 K and itinerant ferromagnetism at T C = 3.0 K was first observed for polycrystalline samples [5] . The coexistence of ferromagnetism and superconductivity on the microscopic scale was demonstrated by muon spin rotation and relaxation (µSR) [9] and 59 Co nuclear quadrupole resonance (NQR) [10] experiments. Mag- * a.nikitin@uva.nl † a.devisser@uva.nl netization measurements on single-crystals showed that UCoGe is an uniaxial ferromagnet with a spontaneous magnetic moment, m 0 = 0.07 µ B per U-atom, that points along the c-axis [11] . Superconductivity shows a strongly anisotropic response to a magnetic field. For B parallel to the easy-magnetization axis (c-axis) superconductivity is suppressed in 0.5 T (T → 0). On the other hand, for B perpendicular to the easy-magnetization axis, the upper critical field, B c2 (0), attains extremely large values and largely exceeds the Pauli limit for spin-singlet superconductivity [11, 12] . Moreover, B c2 (T ) measured for B b-axis [12] shows a striking S-shape which signals reinforced superconductivity in fields exceeding 6 T. The pronounced anisotropy of B c2 is arguably coupled to spinfluctuation mediated pairing: for B c the ferromagnetic fluctuations are suppressed and superconductivity vanishes, while for B ⊥ c spin fluctuations are robust and superconductivity persists up to high fields. Solid experimental evidence on the microscopic level for this scenario has been provided by 59 Co nuclear magnetic resonance (NMR) [13, 14] and inelastic neutron scattering [15] experiments. The superconducting phase diagram was qualitatively explained by a microscopic theory employing the coupling between the electrons by means of magnetization fluctuations in ferromagnetic metals [16] . A related approach was based on the Eliashberg theory by taking into account the Dzyaloshinskii-Moriya interaction arising from the zigzag chain crystal structure [17] . Here the S-shaped B c2 -curve is qualitatively explained as a result of the enhancement of the spin fluctuations due to the decrease of the Curie temperature when the field B b is increased.
In this paper we report the ferromagnetic and superconducting phase diagram in the B − T plane of UCoGe obtained by thermal expansion measurements in fixed magnetic fields applied along the a-, b-and c-axis. Hitherto, the phase diagram was mainly studied using transport experiments [12] . Its determination by thermal expansion has the advantage that it involves a thermody-namic bulk probe. Moreover, since the phase diagram depends sensitively on the alignment of the field with respect to the a-or b-axis [12] , we mounted our thermal expansion cell on a piezo-electric rotator to enable tuning of the field-angle. We observe that the Curie point for B b shifts gradually to lower temperatures and we present bulk-sensitive evidence for the S-shaped B c2 -curve for the same field orientation. Our results lend further support to the theoretical proposal of spin-fluctuation mediated enforcement of superconductivity in a magnetic field (B b).
II. EXPERIMENTAL
Single crystals of UCoGe were prepared in a tri-arc furnace (crystal 1) and in a tetra-arc furnace (crystal 2) using the Czochralski technique. Crystal 1, with residual resistance ratio RRR = 30, was cut from the grown crystal boule by means of spark erosion into a bar shape with dimensions a × b × c = 1.0 × 5.0 × 1.1 mm 3 . Sample 2 has RRR = 40 and was cut into a cube-like shape with dimensions a × b × c = 1.4 × 1.1 × 1.0 mm 3 . Here RRR is defined as R(300K)/R(0K), where R(0K) is obtained by extrapolating the normal state resistance R n (T ) to 0 K. The uncertainty in the alignment of the main crystallographic axes with the cut planes is typically 2
• . Additional information about the crystal synthesis, annealing procedure and characterization can be found in Refs. 18 and 19.
The coefficient of linear thermal expansion, α = L −1 (dL/dT ), with L the sample length, was measured using a three-terminal parallel-plate capacitance method. The home-built sensitive dilatometer [20] was based on the design reported in Ref. 21 . The sensitivity of the thermal expansion cell amounts to 0.03Å. The dilatometer was used in two configurations: longitudinal, i.e. with the field along the dilatation direction B ∆L, and transversal with B ⊥ ∆L. In order to tune the magnetic field-angle with respect to the crystal axes in the transverse configuration, we have implemented an in situ rotation mechanism [20] . The thermal expansion cell was mounted on a piezo-electric rotator (Attocube ANRv220/RES) with help of a horizontal-to-vertical motion gear set with a gear ratio of 1 to 3, which allowed us to reach an angular resolution of 0.05
• . In this configuration the magnetic field is always perpendicular to the fixed dilatation direction when the cell is rotated. The standard field-angle reader of the rotator, the positioner, was calibrated at low temperatures using a miniature Hall-probe (Arepoc company) mounted on the main body of the cell. We remark that since we can rotate over one axis only, a possible remaining misorientation of ∼ 2
• due to orienting and cutting the crystal cannot be avoided. The dilatometer and rotator were attached to the cold plate of a Helium-3 refrigerator for temperatures in the range T = 0.24 − 10 K (Heliox, Oxford Instruments) and magnetic fields up to 14 T, and to the cold finger of a dilution refrigerator (Kelvinox, Oxford Instruments) for T = 0.03 − 1 K and B up to 17 T. An additional heater and thermometer were mounted, thermally anchored to the thermal expansion cell, for the step-wise heating method to measure α(T ).
III. RESULTS

A. Thermal expansion in zero field
The thermal expansion coefficient, α i (T ), where i refers to the crystal axis a, b or c, of UCoGe crystal 1 and crystal 2, measured in the temperature range 0.05-6.0 K, is shown in Fig. 1 ation is found for α b (T ). The steps in α i (T ) at T C and T sc are relatively broad. For the ferromagnetic transition they have a positive sign (when cooling) along the a-and c-axis, and a negative sign along the b-axis. At the superconducting phase transition the signs are reversed. The dashed lines in Fig. 1 represent idealized transitions, based on an equal-length construction, with T sc = 0.40 K and T C = 2.75 K for crystal 1 and T sc = 0.53 K and T C = 2.66 K for crystal 2. The construction implies an overall equal-length change is imposed for the broadened and the idealized contributions when integrating α i (T ) with respect to the background.
The different values of both T sc and T C for the two crystals demonstrate the intimate interplay between ferromagnetism and superconductivity in UCoGe. For the crystal with lower T C , the superconducting transition temperature is slightly higher, which is in-line with the enhancement of superconductivity when the magnetic quantum critical point is approached [23] . We remark that the data for crystal 2 show a pronounced upturn in α b at very low temperatures (T < 0.15 K). This anomalous behavior is only observed for α b , and not for α a and α c . Its origin is not understood as will be discussed in section IV-C. In the following sections we present the thermal expansion in magnetic field in the longitudinal and transverse geometry for crystal 2. 
B. Longitudinal thermal expansion in magnetic field
In Fig. 2 we present the longitudinal thermal expansion of crystal 2 around the Curie point in fields up to 12 T (B ∆L i ). In this configuration the thermal expansion cell is directly attached to the cold plate of the Heliox or cold finger of the Kelvinox, i.e. without rotator, thus tuning of the field-angle is not possible. The response to the magnetic field is different for each direction. For B ∆L c the ferromagnetic phase transition smears out rapidly. In 0.75 T α c (T ) is quasi temperature independent and close to zero. This is expected since the field is parallel to the ordered moment m 0 and the phase transition becomes a cross-over phenomenon. For the other two directions B ⊥ m 0 and the Curie point remains clearly visible in the data. In the case of B ∆L a the magnetic contribution to α a changes from positive to negative between 2 T and 4 T. In higher fields the magnetic component grows further, while the transition broadens. The Curie temperature, which we identify by the minimum in α a (T ) at higher fields, is only weakly field dependent. For B b ∆L the magnetic contribution becomes weaker as the field grows, and T C shifts towards lower temperatures. Comparing the data in field for crystal 2 with those reported in Ref. 22 we find a good agreement for B ∆L c . For the other two directions the literature data show a more pronounced magnetic contribution in the field. This we attribute to the more developed ferromagnetic phase in the crystal measured in Ref. 22 (just like for crystal 1 in zero-field, as can be seen in Fig. 1 ). The longitudinal thermal expansion around the superconducting transition was measured in field only for α b and is reported in Fig. 3 . The superconducting transition observed at T sc = 0.53 K in zero field shifts to lower temperatures with increasing field and re- mains clearly visible up to 12 T (see Fig. 3 ). The data in Fig. 3 also show the upturn in α b (T ) below 0.15 K persists in the magnetic field.
C. Transverse thermal expansion in magnetic field
The upper-critical field, B c2 , of UCoGe is strongly anisotropic [11] . For B c B c2 (0) = 0.5 T (T → 0), but when the field is precisely aligned along the a-or b-axis B c2 (0) attains extremely large values with 16 T for B b and close to 25 T for B a [12] . A field-tilt of a few degrees away from the a-or b-axis results in a dramatic reduction of B c2 (0). In order to fine-tune the field angle, the dilatometer was mounted on the rotator and the transverse thermal expansion was measured. The suppression of the superconducting state in the case B c was measured for B c ⊥ ∆L a . The data are shown in Fig. 4 (a) . Superconductivity is gradually depressed towards lower temperatures with increasing field and is no longer observed at B = 0.5 T. The suppression of the superconducting state for B a(b) was measured for B a(b) ⊥ ∆L c . To achieve an optimal alignment of the field along the a-and b-axis we have used the follow- ing strategy. α c (T ) around the superconducting transition was measured in a field of 1 T, then the dilatometer was rotated over typically 0.5
• and α c (T ) was measured again. After obtaining several data sets in this way we selected the optimal orientation B a(b) as the one in which α c (T ) shows the highest T sc . The resulting curves are presented in Fig. 4 (b) and (c). For B a the superconducting transition broadens rapidly and we can follow it only to 4 T. For B b we find a very different behavior. Superconductivity is first depressed but then stabilizes and is reinforced. In fact the superconducting phase transition is detectable up to 12 T. For larger fields the noise level becomes higher than the idealized step in the linear thermal expansion coefficient at T sc .
In Fig. 5 we show the resulting B − T phase diagram obtained by tracking T sc via three methods: the onset of the superconducting transition, the step in the idealized transition and the temperature of the local minimum in α c (T ). It is clear from Fig. 5 that the upper-critical field for B b displays an S -shape curve with reinforcement of B c2 for fields above 6 T.
IV. ANALYSIS AND DISCUSSION
A. Uniaxial and hydrostatic pressure dependence of critical temperatures
The uniaxial and hydrostatic pressure dependence of T C and T sc of crystal 2 have been determined with help of the Ehrenfest relation. For a second-order phase transition
, where the subscript i refers to the orthorhombic axis, V m = 3.14 × 10 −5 m 3 /mol is the molar volume and ∆(c/T ) is the step in the specific heat divided by temperature at the transition. The specific heat data we use for the Ehrenfest analysis are reported in Fig. 6 and we obtain the idealized steps ∆(c/T ) F M = 16.6 mJ/molK 2 and ∆(c/T ) sc = 43.6 mJ/molK 2 . We remark that these data were obtained on a different UCoGe crystal [19] cut from the same batch as crystal 2. The step sizes in α i and the resulting uniaxial and hydrostatic pressure dependencies are given in Table I 
B. Grüneisen analysis
In the top panel of Fig. 6 we present the volumetric thermal expansion coefficient divided by temperature, β/T , of UCoGe crystal 2, whereby β = α a + α b + α c . The ferromagnetic ordering results in a broad drop of β/T below T C , while the superconducting transition results in a sharp peak. In the paramagnetic phase, β follows a linear temperature variation β P = a P T (T ≤ 5 K) with a P = 3.2 × 10 −7 K −2 . Also in the ferromagnetic phase, β/T attains a constant value with a F M = −2.4 × 10
The relative volume change due to the ferromagnetic ordering and superconductivity is obtained by integrating β(T ) versus T and is shown in the inset to the top panel of Fig. 6 . ∆V /V grows quadratically below the Curie point and decreases below 0.6 K due to superconductivity with ∆V /V = −2.8 × 10 −7 for T → 0. The latter value gives the spontaneous magnetostriction of the superconducting state and agrees well with the value previously obtained on UCoGe [22] and other heavy-fermions superconductors such as URu 2 Si 2 [26] and UPt 3 [27] .
The effective Grüneisen parameter Γ is determined as Γ(T ) = = 0.324 Mbar −1 , which was determined from the sum of the measured linear compressibilities along the a-, band c-axis [28, 29] . The resulting temperature dependence of the Grüneisen parameter is shown in the inset to the bottom panel of Fig. 6 . Above the Curie point, Γ = 50. Upon cooling Γ drops to a value of about −50 due to the ferromagnetic ordering and then dramatically increases to a value of about 300 due to the SC. In general, it is observed that Grüneisen parameter increases rapidly with decreasing temperature as the heavy-fermion state stabilizes [26, 30] . It should be noted that the negative Grüneisen parameter for T sc < T < T C implies the positive pressure derivative of the entropy (dS/dp > 0). This is in agreement with the collapse of T C , applying the pressure. The large Grüneisen parameter indicates that UCoGe is close to the quantum critical region. Indeed, non-Fermi liquid behaviour is observed in a wide pressure range near p c [25] . The large Grüneisen parameter is in contrast with that reported for another ferromagnetic superconductor, URhGe [31] .
C. Phase diagram
In Fig. 7 we present the superconducting and ferromagnetic phase diagram of UCoGe determined by dilatometry. The T sc (B) and T C (B) data points are taken from the transverse and longitudinal thermal expansion experiments, respectively. In the case of B c2 for B b we trace the transition points determined by the minimum of α b (T ) (see Fig. 5 ). For B c the Curie temperature cannot be identified in field. The magnetic transition smears out rapidly, and the superconducting transition is suppressed near 0.5 T. For B a the Curie temperature is constant within the error bar at least up to 12 T, while T sc is gradually suppressed, shifting out of the measurement window in fields exceeding 4 T. For B b T C shifts towards lower temperatures with increasing field. B c2 along the b-axis exhibits a remarkable S-shape with reinforcement of superconductivity above 6 T. The data in Fig. 7 therefore provide bulk evidence for the reinforcement of superconductivity in fields B b. It should be noted that recent thermal conductivity data also show bulk superconductivity up to 15 T for B b [32] .
The field tuning of the Curie point can be fitted using a quadratic function proposed by Mineev [33, 34] ,
2 , assuming a second-order phase transition. Extrapolation of the fit to this expression to T → 0 indicates the critical field B c could amount to as much as 19.6 T (see Fig. 7 ). This value is higher than B c = 16 T deduced from the transport data [12] . On the other hand, T C for B b is determined from the longitudinal thermal expansion experiment for which precise field-angle tuning was not possible. As it is likely that T C (B), just like T sc (B), depends strongly on the field-angle, a small misorientation could therefore result in a larger value for B c . We remark that B c2 for B b extracted from the longitudinal thermal expansion (see the inset of Fig. 3) does not show the characteristic Sshape seen in Fig. 7 , which can be explained by a small misorientation of the b-axis with respect to magnetic field in the longitudinal data.
The low-temperature (T < 0.15 K) upturn in the α b (T )-data for crystal 2 remains puzzling. A similar upturn is not seen in α a (T ) and α c (T ). Therefore we can safely exclude it is due to an artefact of the experiment, such as an undesired cell-effect (i.e. the expansion of the dilatometer itself), or another measurement-related tech- nical problem. Also it was not observed in the α b (T )-data taken on a different crystal [22] . The possibility that the upturn is a high-temperature tail of a Schottky anomaly due to nuclear magnetic moments can be excluded since the upturn is insensitive to magnetic fields B b (see Fig. 3 ). Moreover, an analogously anomalous contribution to the specific heat below 0.15 K is not observed (see Fig. 6 ). We conclude the origin of the upturn in α b is not understood and further experimental work is needed. The low temperature specific heat data point to a finite γ-value of 30 mJ/molK 2 when c/T as a function of T is linearly extrapolated to T → 0 [19] . This value is about half of the normal state γ-value, which could indicate that only one of the spin-split bands takes part in the superconducting condensate [35, 36] .
V. CONCLUSIONS
We have measured the thermal expansion of a single crystal of UCoGe around the ferromagnetic and superconducting transitions in magnetic fields up to 12 T applied along the orthorhombic axes. In order to enable fine-tuning of the magnetic field angle our home-built compact dilatometer was mounted on a piezo-electric rotator. Pronounced steps in the thermal expansion coefficient α were detected at T C and T sc and their field variation was used to establish the ferromagnetic and superconducting phase diagram. For small fields B c the ferromagnetic transition becomes a cross-over and superconductivity is rapidly suppressed (B c2 = 0.5 T when T → 0). For B a, b the Curie point and superconductivity persist. With our bulk technique we confirm the S-shape of the upper-critical field, B c2 , for B b and reinforcement of superconductivity above 6 T. At the same time the Curie point shifts towards lower tempera-tures. This lends further support to theoretical proposals of spin-fluctuation mediated reinforcement of superconductivity in UCoGe for B b.
